Podocyte dysfunction is important in the onset and development of diabetic nephropathy (DN). Histone deacetylases (HDACs) have been recently proved to play critical roles in the pathogenesis of DN. As one subtype of the class IIa HDACs, HDAC9 is capable to repress/de-repress their target genes in tumor, inflammation, atherosclerosis and metabolic diseases. In the present study, we investigate whether HDAC9 is involved in the pathophysiologic process of DN, especially the podocyte injury. Firstly, we explored the expression patterns and localization of HDAC9 and found that HDAC9 expression was significantly up-regulated in high glucose (HG)-treated mouse podocytes, as well as kidney tissues from diabetic db/db mice and patients with DN. Secondly, knockdown of HDAC9 in mouse podocytes significantly suppressed HG-induced reactive oxygen species (ROS) generation, cell apoptosis and inflammation through JAK2/STAT3 pathway and reduced the podocytes injury by decreasing the expression levels of Nephrin and Podocin. Moreover, in diabetic db/db mice, silencing of HDAC9 attenuated the glomerulosclerosis, inflammatory cytokine release, podocyte apoptosis and renal injury. Collectively, these data indicate that HDAC9 may be involved in the process of DN, especially podocyte injury. Our study suggest that inhibition of HDAC9 may have a therapeutic potential in DN treatment.
Diabetic nephropathy (DN) is a serious complication of diabetes and the most common cause of end-stage renal disease (ESRD). An apparently increasing incidence has been observed over the last decade 1 . The causes of DN have been intensively studied and various mechanism has been established, such as high blood glucose, polyol pathway activation, advanced glycation end product formation, activation of the protein kinase C pathway and reactive oxygen species (ROS) generation 2 . Although previous investigative efforts have mainly focused on mesangial cells with the assumption that an increase in mesangial matrix is the central lesion in the pathogenesis of DN, studies have suggested that podocytes injury may play a more critical role in the progression of DN 3 . Podocytes have an important role in the turnover of glomerular basement membrane (GBM), the maintenance of the glomerular filtration barrier and the regulation of glomerular filtration 4 . Studies from diabetic patients and animal models reveal that abnormalities in podocyte structure and function lead to proteinuria, accumulation of extracellular matrix (ECM) components, and glomerulosclerosis during the process of DN 5 . Podocytes are highly specialized epithelial cells located on the surface of the glomeruli capillaries and have limited ability to repair and/ or regenerate 6 . Reduction in the number of podocytes, caused by detachment and apoptosis, is an early key event of DN [7] [8] [9] . Although angiotension II blockade may have effects on slowing disease progression, but no cell-specific therapy targeting podocytes dysfunction is available for DN until now.
Histone deacetylase 9 (HDAC9) is a member of the class IIa HDAC subtype within the large family of HDACs Scientific RepoRts | 6:33676 | DOI: 10.1038/srep33676 kidney disease (DKD), including DN [12] [13] [14] , through regulating podocytes apoptosis, excessive accumulation of ECM, epithelial-to-mesenchymal transition (EMT) of renal tubular epithelial cells and inflammation. HDAC9 appears to be expressed in a tissue-specific manner, and have been shown to exert their transcriptional repressive function in skeletal, cardiac and smooth muscle, bone, immune system, vascular system and brain 15 . Recent studies had indicated that HDAC9 had effect on the repression/de-repression of their target genes in tumor, inflammation, atherosclerosis and metabolic disease 16, 17 . Unlike other HDACs, class IIa HDACs seem to have no deacetylase activity, but act as adaptors of repressor complexes 15 . It is unknown whether HDAC9 expressed in kidney tissue, and whether HDAC9 involved in podocyte injury and the development of DN.
Recent studies have suggested the contribution of Janus kinase 2 (JAK2)/signal transducers and activators of transcription 3 (STAT3) signaling in glomerular mesangial cells to DN 18 . High glucose exposure of glomerular mesangial cells can activate the generation of ROS 19 , which activate the JAK2/STAT3 signaling cascades 20 , thus stimulating excessive proliferation and growth of glomerular mesangial cells 18 . However, whether JAK2/STAT3 signaling involved in the effects of high glucose on podocytes has not been revealed.
In this study, we investigate the molecular events of HDAC9-mediated renal injury in DN by in vivo and in vitro experiment. We demonstrate that HDAC9 is up-regulated in DN, contributing to glomerulosclerosis, inflammatory cytokines release, and podocyte injury by aggravating inflammation and apoptosis via JAK2/ STAT3 signaling.
Results
Up-regulation of HDAC9 in DN tissues. We first re-analyzed microarray data from NCBI Gene Expression Omnibus database (GEO, Access ID: GSE30122) 21 and found that HDAC9 mRNA expression was significantly increased in kidney samples from patients with DKD (P < 0.0001, Fig. 1A ). To probe the HDAC9-associated pathways in DKD on an unbiased basis, we performed Gene Set Enrichment Analysis (GSEA) in DKD samples with higher HDAC9 expression versus lower HDAC9 expression based on GSE30122 dataset. Our data showed that HDAC9 expression was positively correlated with Kyoto Encyclopedia of Genes and Genomes (KEGG) JAK/STAT pathway (Fig. 1B) .
To determine HDAC9 expression in DN tissues, we performed western blot analysis on kidney samples from DN patients and normal control. Comparing with that in normal control, HDAC9 protein in DN samples increased 82.6% (P < 0.01, Fig. 1C ). The phosphorylation of STAT3, which is involved in the pathogenesis of DN, was also higher in DN samples than in normal control (P < 0.01), while no difference was observed in the protein level of STAT3. These data suggested the role of HDAC9 and its correlation with JAK2/STAT3 signaling in DN.
HDAC9 in podocytes was up-regulated in response to high glucose (HG) treatment. Dysfunction of podocyte plays a critical role in the development of DN 7, 22, 23 . We subjected conditionally immortalized murine podocytes to increasing concentrations of D-glucose in the culture medium, ranging from 5.5 mM (baseline) to 50 mM. As shown in Fig. 2 , we found that high glucose significantly increased HDAC9 expression and phosphorylation of STAT3 in podocytes in a concentration-dependent manner (P < 0.05, P < 0.01).
Effects of HDAC9 knockdown on cell apoptosis, expression of podocyte slit diaphragm proteins, and inflammatory response in podocytes with HG treatment. To further investigate the role of HDAC9 on podocyte function, recombinant lentivirus contained HDAC9 shRNA or control shRNA (NC) were used in this study. Western blot analysis showed a reduced expression of HDAC9 protein in podocytes transduced with HDAC9 shRNA virus (Fig. 3A) . HG (30 mM) treatment led to a significant increase in ROS generation ( Fig. 3B ) and cell apoptotic rate (Fig. 3C) as measured by flow cytometry. Such effects were significantly attenuated when HDAC9 was knockdown.
To investigate whether cell apoptosis was associated with mitochondrial dysfunction, we analyzed mitochondrial membrane potential (MMP) changes in podocytes. As shown in Fig. 3D , HG treatment significantly reduced the MMP of podocytes, which was partially rescued by HDAC9 knockdown. These data suggested that HG induces cell apoptosis through the intrinsic pathway. Meanwhile, HG treatment increased the expression of Bax, a pro-apoptosis protein, while decreased level of the anti-apoptosis protein Bcl-2 in podocytes. In addition, when HDAC9 was knockdown by HDAC9 shRNA, the expression of Bax was decreased, while expression of Bcl-2 increased dramatically (Fig. 3E ). These data suggested that HDAC9 plays a key role on HG-induced podocytes apoptosis.
HDAC9 knockdown restored Nephrin and Podocin expression in podocytes. Nephrin and
Podocin are the most important components of slit membrane of podocytes 24 . We verified the expression of Nephrin and Podocin in podocytes by immunofluorescence staining ( Supplementary Fig. 1 ). Western-blot showed that HG significantly reduced the expression of Nephrin and Podocin in podocytes, which were up-regulated by HDAC9 knockdown (Fig. 3E ).
HDAC9 knockdown attenuated HG-induced inflammation in podocytes.
Inflammatory response is relevant to the onset and development of DN 25, 26 . As shown in Fig. 3F , HG also increased the release of proinflammatory cytokines and chemokines, including tumor necrosis factor-α (TNF-α ), interleukin-1β (IL-1β ), IL-6, CXC chemokine ligand 9 (CXCL9) and CXCL10 in podocytes, and the induction was partially attenuated by HDAC9 knockdown.
JAK2/STAT3 signaling pathway involved in the HDAC9 effects. In order to confirm the involvement of JAK2/STAT3 signaling in the HDAC9 effects, podocytes were overexpressed with HDAC9 and treated with JAK2-inhibitor (AG490) in the present of high glucose (30 mM D-glucose). ROS generation and cell apoptosis in HG-treated podocytes were significantly enhanced by ectopic expression of HDAC9, but remarkably inhibited by treatment with AG490. Moreover, the inhibitory effect of AG490 on podocytes was weakened by ectopic expression of HDAC9 (Fig. 4) . Meanwhile, MMP had the contrary performance. Therefore, these data indicated that HDAC9 may promote apoptosis of podocytes through JAK2/STAT3 pathways.
Gene silencing of HDAC9 attenuated renal injury of diabetic db/db mice. To further confirm the role of HDAC9 in DN, recombinant lentivirus were delivered into diabetic db/db mice every 5 days by tail vein injection. After 30 days, mice were sacrificed. Western blot analysis of kidney tissues showed that injection with the HDAC9 shRNA lentivirus markedly reduced HDAC9 protein levels and phosphorylation of STAT3 (Fig. 5A ). It is suggested that HDAC9 shRNA transduction could successfully inhibit HDAC9 and its signaling molecular p-STAT3 in vivo.
We then evaluated the effects of HDAC9 knockdown on renal injury of diabetic mice. Detection of blood urea nitrogen (BUN), blood creatinine and urinary albumin revealed the protective effects of HDAC9 shRNA on renal Figure 1 . Expression of HDAC9 in the kidney tissue from patients with DKD. (A) HDAC9 mRNA expression was significantly increased in renal tissues from DKD patients (n = 19) when compared with control tissues (n = 50) from NCBI Gene Expression Omnibus database (GEO, Access ID: GSE30122) (P < 0.0001). (B) GSEA was performed with KEGG E-MEXP-3628 dataset. JAK/STAT pathway was with the strongest association with HDAC9-higher expression. (C) HDAC9 protein level and STAT3 phosphorylation were significantly higher in DN tissues (DN1-DN4) than that in normal control tissues (N1-N4) collected from Department of Nephrology, Shanghai East Hospital as determined by western blot analysis. Densitometric quantification was shown on the bottom. **P < 0.01 vs normal control, n = 4. injury (Fig. 5B) . Histological examination of HE-stained kidney sections revealed that diabetic mice developed severe glomerulosclerosis manifested by mesangial expansion. HDAC9 shRNA lentivirus injection significantly alleviated glomerulosclerosis (Fig. 5C ). TUNEL analysis showed that HDAC9 shRNA lentivirus significantly reduced the apoptosis of podocytes in diabetic mice (Fig. 5D ). When diabetic db/db mice was treated by HDAC9 shRNA, the expression of Bax and cleaved caspase 3 significantly decreased, along with an increase of Bcl-2 ( Fig. 5E) .
Furthermore, the localizations of HDAC9, as well as other protein and signaling molecules, include Nephrin, Podocin, and p-STAT3 were examined in mouse kidneys by Immunohistochemistry (IHC). While HDAC9 and p-STAT3 were localized in both glomerulus and renal tubules, Nephrin and Podocin were exclusively expressed in glomerulus (Fig. 5F ). We further found that HDAC9 and p-STAT3 were significantly increased in diabetic db/ db mouse kidneys. The increased level of HDAC9 in the diabetic mice had been successfully knocked-down by injecting virus carrying HDAC9 shRNA to the mice (Fig. 5F ). Consistent with the observations from Western blot assays (Fig. 3A) , p-STAT3 was upregulated in the diabetic mice, and it was restored to a relatively normal level by HDAC9 shRNA treatment. Additionally, Nephrin and Podocin were shown to be down-regulated in the diabetic mice, which could be rescued by HDAC9 shRNA treatment (Fig. 5F ). Meanwhile, HDAC9 shRNA significantly up-regulated Nephrin and Podocin in kidney tissues, and reduced serum proinflammatory cytokines and chemokines production (including TNF-α , IL-1, IL-6, CXCL9 and CXCL10) in db/db mice (Fig. 5E,G) . Together, our results strongly suggested that HDAC9 is an important player in the pathogenesis of DN, and may indicate HDAC9 to be further exploited as a novel therapeutic target in DN treatment.
Discussion
Several other members of HDACs, such as SIRT1, HDAC2 and HDAC4, have been implicated in the development of DN [12] [13] [14] 27, 28 . Our study is the first evidence suggesting that HDAC9 contributes to podocyte injury and the development of DN. In the present study, the up-regulation of HDAC9 expression was observed in the kidney tissues of DN patients, which is consistent with the analysis of GEO DKD dataset. By in vitro experiments, we found that expression HDAC9 was up-regulated in podocytes treated with HG and associated with reactive oxygen species (ROS) production, apoptosis of podocytes and inflammatory cytokines release. In addition, our results showed that gene silencing of HDAC9 significantly decreased HG-induced podocytes injury in vitro, and attenuated renal injury through improving glomerulosclerosis, regulating apoptosis factors, increasing Nephrin and Podocin expression, and reducing proinflammatory cytokines and chemokines production in diabetic db/ db mice. It is significantly noted that HDAC9 takes a key role in the onset and development of DN and could be a potential target molecule in the regulation of podocyte function.
Recent studies have suggested an emerging role of HDACs in DN. Wang et al. reported that HDAC2, 4 and 5 expression were elevated in kidney tissue in STZ-induced diabetic rats, one animal model of type 1 diabetes mellitus nephropathy, with no significant changes in other HDACs, such as HDAC6, 7, 8, 9, 10 and 11 14 . However, their results had not mentioned the expression status of HDAC9 in diabetic db/db mice, representative of type 2 diabetes mellitus, as well as in podocytes and kidney tissues from DN patients. In our study, we firstly found that the levels of HDAC9 expression were significantly increased in podocytes, kidney from diabetic db/db mice and in kidney biopsies from DN patients. These suggested that HDAC9 may be involved in the onset and development of DN.
Previous studies conducted by other groups indicate that abnormalities in podocyte structure and function occur early in the course of diabetic kidney disease 29, 30 . The extent of podocyte injury is a major prognostic determinant in DN 6 . Based on the results from this study and the importance of podocytes in the pathogenesis of DN, we focused on podocyte injury in this study. Podocyte abnormalities in diabetes mellitus can be broadly classified as those resulting in a decrease in podocyte number, or foot process effacement. Podocyte number is a better predictor of prognosis in DN than GBM thickness, mesangial proliferation or sclerosis, or any other feature of glomerular injury 29, 31 . A decrease in podocyte number can be the result of detachment of the podocyte from the GBM into the urinary space or due to podocyte apoptosis. In the early onset of DN, a dramatic decrease in the podocyte number is observed (even before the manifestation of albuminuria 3 ), which results in the loss of the filtration barrier integrity, and consequent pathological changes in glomeruli permeability 4, 5 . Our results suggested that gene silencing of HDAC9 significantly decreased HG-induced podocytes apoptosis by increasing the MMP of mitochondria and protein levels of an anti-apoptosis protein (Bcl-2), and decreasing protein levels of a proapoptosis protein (Bax) and the apoptosis marker (cleaved caspase 3). The same results were observed in diabetic db/ db mice. In addition, foot process effacement can be a result of disruption of the slit diaphragm, which connects adjacent foot processes, forms the final filtration barrier, and is formed by a complex of the plasma-membrane proteins Nephrin, Podocin, etc. Nephrin and Podocin were the key unit that could rivet the slit membrane onto the actin cytoskeleton of podocytes, and the necessary condition for maintaining the normal glomerular filtration functions 32 . Therefore, the abnormal expressions of Nephrin and Podocin, podocyte slit membrane-related proteins, played an important role in the occurrence of proteinuria and development of diabetes 33 . Our results showed that HDAC9 knockdown increased Nephrin and Podocin expression in HG-induced podocytes and in kidney tissue from db/db diabetic mice, indicating that HDAC9 plays a critical role in the regulating podocytes function in DN. A variety of factors such as non-enzymatic protein glycosylation, angiotensin II (Ang II) and transforming growth factor β (TGF-β ), could influence podocytes apoptosis, as well as down-regulate Nephrin and Podocin expression 22, 28 . Meanwhile, HDAC9 have effect on the repression/de-repression of their target genes in tumor, inflammation, atherosclerosis and metabolic disease 15 . Therefore, further study is needed to manifest whether the factors mentioned above affect the regulatory effect of HDAC9 on podocytes apoptosis and injury and to characterize the downstream effectors of HDAC9 during the process.
Meanwhile, the pathogenesis of DN involves numerous factors, such as oxidative stress and inflammation 26 , which are closely associated with permeability changes in the glomerular filtration barrier and proteinuria in DN 25 . Cytokines (TNF-α , IL-1 and IL-6, etc.) and chemokines (CXCL9 and CXCL10, etc.) are relevant to the development of DN 25, 26, 34 . The present results showed that HG induced ROS, cytokines and chemokines production in podocytes, which may be inhibited by the gene silencing of HDAC9. It is indicated that HDAC9 may be involved in the inflammatory events in the development of DN with unclear mechanism. Recent study showed that HDACs and NF-κ B signaling might coordinate expression of CX3CL1 35 . Multiple NF-κ B-dependent target genes including proinflammatory and chemokines cytokines have been detected in injured podocytes in vitro and in vivo 36 . Activation of NF-κ B can play a pathogenic role in mediating inflammatory cytokine expression to aggravate podocytes injury via ROS under high glucose and proteinuria 37, 38 . Therefore, further study is needed to investigate whether the pro-inflammatory effect of HDAC9 on podocytes in DN is mediated by coordinating NF-κ B or through histone modification or via deacetylation of other effector proteins. It had been manifested that JAK/STAT3 signaling pathway involved in the ROS generation induced by high glucose 19, 20 , and apoptosis event in other cell types 39, 40 . STAT phosphorylation is also correlation with other class II HDACs, such as HDAC4 and 5. Our data showed that STAT3 phosphorylation was higher in DN kidney tissues than that in normal controls. GSEA analysis based on GEO DKD dataset revealed that the up-regulation of HDAC9 in DN kidney tissues was probably related to JAK/STAT signaling. Secondly, high glucose can increase STAT3 phosphorylation, which was inhibited by HDAC9 knockdown. Thirdly, the inhibitory effects of JAK2 inhibitor (AG490) on the production of ROS and podocytes apoptosis were significantly attenuated by ectopic expression of HDAC9. Therefore, our study indicated that JAK/STAT3 signaling pathway might involve in the regulation of HDAC9 on the podocytes abnormal structure and function, ROS production, inflammatory cytokines release and glomerulosclerosis in DN.
Class IIa HDACs are currently to be considered crucial regulators of specific developmental and differentiation processes. Most studies had proved that other types of class II HDACs take important role in the pathogenesis of DN and other kidney disease. Primarily, our study provided for the first time that HDAC9 played a key role in the onset and development of DN. However, it has been proposed that class IIa HDACs may have no enzyme activity, and that they act as adaptors of repressor complexes. Secondly, class IIa HDACs appear to be expressed in a tissue-specific manner and have different function in different tissue. Therefore, many further study is needed be conducted to verify the underlying mechanism of HDAC9 on DN, the difference with other types of class II HDACs, and whether crosstalk exist between HDAC9 and other important factors, such as TGF-β , Ang II and PPARγ 41 . The development of isoform-specific HDAC inhibitors or modulators and human genetics approaches are of central importance to discriminate between the types of HDACs and to target only the enzymes involved in a particular pathological situation.
In conclusion, the present study for the first time investigated the expression patterns of HDAC9 in DN and further provided evidence that HDAC9 contributes to podocytes injury and glomerulosclerosis by inducing ROS production and podocyte apoptosis via JAK/STAT3 signaling pathway, and inflammatory cytokines release in DN. We propose that HDAC9 may be considered as a potential therapy target to improve podocyte injury and progression of DN.
Material and Methods
Bioinformatics analysis. Expression data of 19 renal tissues from patients with DKD and 50 normal renal tissues were collected from NCBI Gene Expression Omnibus database (GEO, Access ID: GSE30122) 21 . To further investigate the biological pathways associated with HDAC9 involved in DKD pathogenesis, we performed a GSEA with the KEGG gene sets biological process database (c2.KEGG.v4.0).
Human renal biopsy samples. Renal biopsies from 4 DN patients had been performed as part of routine clinical diagnostic investigation and collected as described 42 . The samples of renal biopsies were obtained from Department of Nephrology, Shanghai East Hospital. Control samples were obtained from the healthy kidney poles of individuals who underwent tumor nephrectomies without diabetes or renal disease. The investigations were conducted in accordance with the principles of the Declaration of Helsinki and were approved by the Research Ethics Committee of Shanghai East Hospital, Tongji University School of Medicine after informed consent was obtained from the patients.
Cell culture and glucose treatment. Conditionally immortalized mouse podocytes were cultured in in RPMI 1640 (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS, Hyclone, Logan, UT, USA), 100 U/ml penicillin and 100 μ g/ml streptomycin. Cells were grown at 33 °C in the presence of 10 units/ml interferon-γ (Sigma, St Louis, MO, USA) as reported previously 43 . To induce differentiation, podocytes were maintained at 37 °C without interferon for 14 days. Podocytes were seeded onto 6-well plate at a density of 3 × 10 5 per well with complete culture medium. After stable for 24 hours, podocytes were exposed to media containing different doses of D-glucose (5.5 mM, 10, 20, 30 and 50 mM) for 24 h, and then cells were harvested for total protein extraction.
Animal studies. Twelve-week-old male C57BL/6J db/db (diabetic littermate) mice and C57BL/6J db/m+ (non-diabetic littermate control) mice were obtained from Jackson Laboratories (Bar Harbor, Maine, USA). They were maintained under the controlled conditions of temperature (23 ± 2 °C) and humidity (50 ± 5%) on alternate 12-h light/dark cycles. db/db mice were injected with concentrated HDAC9 shRNA or shNC lentivirus (5 × 10 8 IU) via tail vein every 5 days. After 30 days, kidney samples, blood and urea were collected. All animal studies were approved by the ethical review committee of Tongji University School of Medicine and were carried out in accordance with NIH guidelines on the care and welfare of laboratory animals.
(C) Representative glomerular morphology of non-diabetic db/m+ mice, non-treated diabetic db/db mice, diabetic db/db mice injected with shNC virus and db/db mice injected with shHDAC9 virus, stained with HE. (D) Representative TUNEL results. (E) Protein levels of Bcl-2, Bax, Cleaved caspase 3, Nephrin and Podocin in kidney lysates were determined by western blot analyses. Densitometric quantification was shown on the right. (F) The localizations of HDAC9, Nephrin, Podocin, and p-STAT3 in kidneys from non-diabetic db/m+ mice, diabetic db/db mice injected with shNC virus and db/db mice injected with shHDAC9 virus were examined by Immunohistochemistry (IHC). IHC quantification was shown on the bottom. (G) Levels of cytokines and chemokines were evaluated by ELISA assay. *p < 0.05, **P < 0.01 and ***P < 0.001, vs db/m+ ; # p < 0.05, ## P < 0.01 and ### P < 0.001, vs db/db + shNC, n = 6. All staining pictures were taken at 400× magnification.
